Neuromuscular blockers (NMB) are important adjuvant to general anesthesia. Rocuronium bromide and cisatracurium besylate are considered relatively recently introduced non-depolarizing muscle relaxants.
during anesthesia, and a centrally mediated relaxation. Not all types of anesthetics enhance neuromuscular block to the same extent 6 .
Inhaled anesthetics augment the neuromuscular blockade from nondepolarizing muscle relaxants in a dose-dependent fashion, which may also depend on the duration of anesthesia.
Joo and Perks have shown that the use of volatile anesthetics results in lower ED50 and ED95 of neuromuscular blockade significantly in comparison to propofol 4 . Underestimation of the enhancement of neuromuscular block by volatile anesthetics during short procedures could result in inadvertent prolonged duration of relaxation.
A new method for monitoring neuromuscular function consists of measuring acceleration of the thumb after stimulation of a peripheral motor nerve 7 . This technique is based on Newton's second law:
Force = mass x acceleration
Thus if mass is constant, acceleration is directly proportional to force. Accordingly, after nerve stimulation, one can measure not only the evoked force but also the acceleration of the thumb 8 .
Acceleromyography is a simple method of analyzing neuromuscular function. One requirement is that the muscle be able to move freely. During a nondepolarizing neuromuscular blockade, good correlation exists between the TOF ratio measured by this method and the TOF ratio measured with a force displacement transducer 9 . Also the precision of acceleromyography seems to be comparable to that of mechanical measurement 10 .
The aim of this study is to compare rocuronium to cisatracurium regarding intensity, duration of neuromuscular blockade and also the hemodynamic profile under sevoflurane or total intravenous anesthesia with propofol, as well as associated side effects.
Introduction
Neuromuscular blockers (NMB) have become essential parts of the anesthetist armamentarium. They aid endotracheal intubation, mechanical ventilation, reduce anesthetic requirements, prevent patient movement without voluntary or reflex muscle movement, facilitate surgery, and decrease oxygen consumption.
In the development of new neuromuscular blocking drugs, the anesthesiologist is now provided with drugs that are almost free of unwanted effects, have a time course of action that allows great control of their activity and, in most cases, allows the anesthesiologist to substitute them for succinylcholine 1 .
In selecting a neuromuscular blocking agent, an anesthetist strives to achieve three competing goals: rapid adequate muscle relaxation, hemodynamic stability, and predictable complete return of skeletal muscle function.
Rocuronium bromide is a non-depolarizing muscle relaxant, with a short onset time, an intermediate duration of action and rapid recovery characteristics coupled with cardiovascular stability, with no histamine release or other side effects 2 .
Cisatracurium has an intermediate duration of action, potent and safe with excellent cardiovascular stability and without apparent histamine release 3 .
Sevoflurane is a fluorinated methyl ethyl ether that has less respiratory irritation, more hemodynamic stability and more rapid emergence in comparison to isoflurane 4 . It has a low blood-gas solubility resulting in rapid uptake and elimination. These physicochemical properties allow a fast recovery, thus making it suitable for day case surgery.
Propofol (di-isopropylphenol) is a phenol which is insoluble in water. The short elimination half life and non cumulative properties of propofol should make this drug ideal for use in TIVA. Indeed propofol can be considered the best intravenous anesthetic available for TIVA 5 .
The neuromuscular blocking effects of muscle relaxants are enhanced by volatile anesthetics, a phenomenon called "potentiation". Several reasons have been postulated as the causes of this potentiation: pre-junctional effects, increased blood flow to muscles NMB AGENTS & HEMODINAMIC EFFECTS kg) till the end of the operation.
Neuromuscular Monitoring
By the use of TOF-guard (biometer, Denmark) the following variables of neuromuscular block were obtained for all groups:
1 -Depression of T 1 of the train-of-four: Cumulative increments of 100 µg.kg -1 rocuronium were given in Groups I and III, while increments of 15 µg.kg -1 cisatracurium were given in Groups II and IV. The subsequent dose was administered after at least 3 min and only if three consecutive twitches of identical amplitude were demonstrated (steady state of onset). Increments were given until depression of the first twitch of at least 95% was achieved during sevoflurane or total i.v. anesthesia (equi-effective dose: identical end-point instead of identical doses).
-Cumulative dose-response curves:
They were obtained by non-linear regression in the four Groups, showing values of ED 50 , Ed 95 , Ed 95 /ED 50 ratio and the slope of the regression curve in the four Groups of the study.
-Clinical duration:
Time after injection of the last cumulative dose of muscle relaxant until 25% recovery of T 1 .
-Recovery index:
Time interval during witch T 1 recovered from 25% to 75% of control. Time to TOF 0.7 : Time required for return of TOF ratio to 0.7. . Rocuronium and cisatracurium were given in gradual incremental doses till reaching ED 95 as judged by accelerograph. The patients were anesthetized before operating the stimulator, as the stimulator could be painful to an awake patient.
Lungs were mechanically ventilated, followed by laryngoscopy and orotracheal intubation when ED 95 was reached. Anesthesia was maintained in Group I and II with 2 MAC sevoflurane and with propofol, 100 µg.kg .min -1 in Groups III and IV. End-tidal PCO 2 was adjusted to 32-36 mmHg, skin temperature above the monitored muscle were measured and maintained between 32°C and 35°C by passive warning (wrapping of the patient arm in a cotton blanket). The arterial pressure cuff was placed on the opposite arm. 50 and Slope were estimated as regression parameters. ED 95 , the dose which produces the desired response in 95% of patients, was calculated from the equation of the regression curve.
The 95% confidence interval (CI) was calculated for ED 50 , ED 95 , the ratio ED 95 /ED 50 , and the slope of the curve. If the experiment is to be repeated a hundred times under the same conditions, the calculated values of the previously mentioned parameters will fall within the 95% CI in 95 of these hundred times; i.e. it can be said with 95% confidence that the calculated values of the parameter will fall within the 95% CI.
Results
Demographic data: there was no significant difference among the four Groups of the study as regards age, weight, gender distribution, or duration or surgery (Table 1) .
Hemodynamic parameters
Heart rate: Changes in heart rate are shown in Table 2 . Significant changes at certain times of the study are marked with *. There was no significant difference among the four Groups at baseline as well as all through the study period. General anesthetic administration resulted in a non significant decrease of heart rate in the four Groups of the study. based on accelerometry. Four supramaximal stimuli of 60 mA were given every 0.5 seconds (2HZ), and each set (train) is repeated by the monitor every 15 seconds to the unlnar nerve at the wrist. Electrodes are placed over the ulnar nerve on the medial side of the wrist. The transducer is positioned so that its flat side is placed on the finger in such a way that the movement is perpendicular. The temperature probe is placed over the skin of adductor pollicis muscle; it can read between 16.0 to 41.5 C°. The data are stored on a memory card and transferred to a computer (Fig. 1) .
Hemodynamics: Hemodynamic parameters were monitored at; before administration of general anesthesia, after administration of general anesthesia and just before administration of muscle relaxant, then at 1, 3, 5, 10, 15, 20 minutes after muscle relaxant and then every 10 minutes up to 90 minutes. The following parameters were monitored: heart rate, mean arterial blood pressure (by Agilent M 1166A monitor), cardiac index and stroke index were monitored non-invasively by thoracic bioimpendance (BOMED/NCCO M3-R7) cardiodynamic monitor. Electrodes are applied to the patients' neck and chest as shown in Fig. 2 . After recovery data were measured, conventional doses of neostigmine 0.045 mg/kg with atropine 0.01 mg/ kg were given, followed by continued hemodynamic and oxygenation monitoring and management of postoperative complications: e.g. pain, nausea and vomiting. Mean arterial pressure: As shown in Table 3 , there was no significant difference among the four Groups at baseline as well as all through the study period as regards MAP. Mean arterial pressure showed non significant decrease as a result of administration of general anesthetics. Significant changes at certain times of the study are marked with *. degree of depression of the T 1 twitch of the train-of-four stimulation in the four Groups of the study. To reach the end-point of at least 95% depression of the T 1 twitch, all patients required at least two increments of muscle relaxants. Most patients required a third increment, while a few patients required a fourth increment. The mean depression (as percent of baseline) resulting from administration of increments of muscle relaxants are shown in Table 6 . No patient in group II required a fourth increment of muscle relaxant. Cumulative dose-response curves: Figures 3 through 6 represent the cumulative dose-response curves in the four Groups of the study. The thin lines represent the 95% confidence intervals of the regression line. The narrow confidence intervals imply low inter-individual variability in the response to muscle relaxants. It can be shown from the cumulative dose-response curves that a plateau is reached as the dose approaches the ED 95 . From the cumulative doseCardiac index (CI): As shown in Table 4 , there was no significant difference among the four Groups at baseline as well as all through the study period as regards CI. CI showed non significant decrease as a result of administration of general anesthetics in all Groups. Significant changes at certain times of the study are marked with *. Stroke index (SI): As shown in Table 5 , there was no significant difference among the four Groups at baseline as well as all through the study period. Stroke index showed non significant decrease after administration of general anesthetics in all Groups. Significant changes at certain times of the study are marked with*.
Neuromuscular Monitoring

Depression of T 1 of the train-of-four:
Administration of muscle relaxants resulted in a variable Cumulative Rocuronium Dose (μg/kg) 
Table 6 Depression (%) of T 1 of the train-of-four relative to baseline values after increments of muscle relaxant in the four Groups of the study [mean (SD)].
Group
Cumulative cisatracurium Dose (μg/kg)
However, the slope of the curve and the ED 95 / ED 50 ratio were comparable among the Groups ( Table  7) . The cumulative dose-response curve was shifted to the left with sevoflurane anesthesia as compared to Cumulative Rocuronium Dose (μg/kg) Cumulative cisatracurium Dose (μg/kg)
propofol anesthesia for each of the muscle relaxants ( Fig. 7 & 8) . The slope of the curve was not much affected by changing the anesthetic. 
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Recovery from muscle relaxation: Time to recovery of T 1 to 25% of baseline (T 25% ) was not significantly different with the different anesthetics or muscle relaxants; while time to recovery of T 1 to 75% of baseline (T 75% ), the recovery index (the difference between T 75% and T 25% ) and time required for return of TOF ratio to 0.7 (TOF 0.7 ) were significantly prolonged by the use of sevoflurane compared with propofol, and were significantly longer with cisatracurium than rocuronium (Table 8 ).
Recorded Side Effects
Three patients in the propofol with rocuronium Group elicited pain on drugs injection and postoperative phlebitis. Also we report two cases of postoperative nausea and vomiting in the sevoflurane Groups, one in each Group. Cumulative cisatracurium Dose (μg/kg) Cumulative cisatracurium Dose (μg/kg)
Table 8 Recovery criteria in the four Groups of the study [mean (SD)]
Group I (n = 20)
Group Iv
(n = 20) propofol anesthesia for each of the muscle relaxants. It was found that degree of potentiation (ratio of ED 50 during TIVA/ED 50 during volatile anesthesia) was 1.2 for sevoflurane in both types of relaxants.
Using a single-dose technique for rocuronium, Oris et al. 13 reported a lower ED 50 during halothane, isoflurane and enflurane anesthesia compared to TIVA using a cumulative dosing technique. Similarly, Lowry et al.
14 demonstrated a significant increase in the apparent potency of rocuronium during anesthesia with 1.5 MAC of sevoflurane compared with propofol anesthesia. The study of Xue et al. 15 estimated the potency of rocuronium during sevoflurane and thiopental-nitrous oxide anesthesia and found values in broad agreement with our results. Thomas et al. 16 investigated the interaction between the cumulative dose requirements of cisatracurium and anesthesia with isoflurane, sevoflurane, desflurane or propofol using closed-loop feedback control. They found that in comparison to propofol, isoflurane, sevoflurane and desflurane reduce the cumulative dose requirements of cisatracurium by 42%, 41% and 60%, respectively to maintain a 90% depression of T 1 of TOF. Kopman et al. 17 suggested that drug potency may be more intense under N 2 O anesthesia compared with total IV anesthesia (TIVA).
Regarding the clinical duration, we found that it was not significantly different with the different anesthetics or muscle relaxants. Lowry et al. 14 demonstrated that the time course of action after a bolus dose of rocuronium 0.6 mg/kg that was studied in patients anesthetized with 66% nitrous oxide in oxygen and 1.5 minimum alveolar anesthetic concentration of sevoflurane or isoflurane, or a propofol infusion did not differ significantly among groups. Similarly Wulf et al. 11 concluded that following equi-effective dosing of rocuronium (T 1 > 95%), the clinical duration to 25% T 1 recovery during desflurane, isoflurane, sevoflurane and total intravenous anesthesia did not result in significant difference among these groups.
Regarding recovery in the present study, T 75% , the recovery index and TOF 0.7 were significantly prolonged by the use of sevoflurane compared with propofol, and were significantly longer with cisatracurium than rocuronium. Reid et al. 18 demonstrated that recovery from rocuronium induced neuromuscular block was slowed in the presence of potent volatile
Discussion
This comparative study determined the influence of sevoflurane on the dose response relationship of either rocuronium or cisatracurium compared to a TIVA with propofol as well as hemodynamic effects of both relaxants under the two anesthetics. The neuromuscular blocking effect of rocuronium and cisatracurium were enhanced by sevoflurane. The interaction between sevoflurane and both neuromuscular blocking drugs (NMBD) led to increased intensity of block and prolongation of recovery in comparison to TIVA with propofol.
Usually, potentiation of NMBD by volatile anesthetics results predominantly in prolongation of the duration and recovery of neuromuscular block 11 . Recovery was prolonged significantly by the volatile anesthetic sevoflurane under the conditions of the present study. The prolongation of the effect of rocuronium or cisatracurium during sevoflurane anesthesia is probably caused by a faster and more complete equilibrium among the end-tidal, blood, and muscle concentrations of sevoflurane because of its smaller muscle-gas partition coefficient, resulting in slower recovery, as seen in all groups under sevoflurane anesthesia 12 . As regarding the potency (augmentation of depression of T 1 ), we determined the anesthesiarelated effects of cisatracurium or rocuronium but not the absolute potency data.
The cumulative dose technique may underestimate the potency of neuromuscular blocking agents. However, administration of both, cisatracurium and rocuronium was standardized and the use sevoflurane or TIVA with propofol was randomized; thus the cumulative pattern of cisatracurium and rocuronium administration would have similar effects in all groups.
In the present study values of ED 50 and ED 95 in the sevoflurane Groups were significantly lower than those in the propofol Groups for each muscle relaxant. The values of mean ED 50 and ED 95 of rocuronium were lower during sevoflurane anesthesia than with TIVA. Similarly the values of mean ED 50 and ED 95 of cisatracurium were lower during sevoflurane anesthesia than with TIVA. However, the slope of the curve and the ED 95 /ED 50 ratio were comparable among the Groups. The cumulative dose-response curve was shifted to the left with sevoflurane anesthesia as compared to parameters, although statistically significant, but are clinically not significant and required no medications to treat adverse hemodynamic events. 22 found no clinical significant hemodynamic changes after rocuronium administration, but differed from others 23 that showed that a dose of 0.9 mg/kg rocuronium (3x ED 95 ) caused some cardiovascular effects (10-15% increase in mean arterial pressure and 5-10% increase in heart rate). These effects although statistically significant, are not likely to be clinically important, however, our study showed absence of statistically significant difference before and after administration of rocuronium due to the small dose equaling ED 95 that was given in increments.
Researches
Naguib et al. 24 found that administration of rocuronium 0.6 mg.kg -1 caused no significant changes in plasma histamine concentrations or in hemodynamic state at any time. Mark et al. 25 found that the hemodynamic profile of a 0.6 mg.kg -1 bolus of rocuronium was acceptable for patients with coronary artery disease, and changes that occurred would not promote increases in myocardial oxygen demand or further decreases in oxygen supply. Although CVP and MPAP decreased significantly, rocuronium had no effect on PCWP, SVR, MAP, or CI. Overall, these results indicate that clinical doses of rocuronium are not associated with hemodynamic instability in ASA class 3 and 4 patients undergoing cardiac surgery. Consistent with our results, Taivainen et al. 26 compared the cardiovascular effects of a rapidly administrated IV dose of cisatracurium 0.15 mg.kg in infants and children during nitrous oxide-opioid anesthesia and found that changes in heart rate and arterial pressure were negligible, furthermore, there were no signs attributable to possible histamine release. Similarly, Carroll 27 observed the hemodynamic stability after administration of cisatracurium 0.15 mg.kg -1 in patients were undergoing elective coronary artery bypass and concluded that cisatracurium is suitable relaxant when hemodynamic stability is important.
Three of our patients in propofol with rocuronium Group elicited pain on drugs injection and postoperative phlebitis. Cheong and Wong 28 found that rocuronium in particular, causes intense discomfort at the site of injection in conscious patients. When administered agents in comparison to TIVA, and that this effect is more marked in patients receiving sevoflurane. Similarly Bock et al. 19 studied recovery characteristics of rocuronium during 1.25 MAC of isoflurane, desflurane, and sevoflurane or propofol anesthesia in 84 patients using electromyography. After 120 min, the cumulative infusion rate of rocuronium required to obtain twitch depression of 90-95%, recovery index was prolonged under isoflurane, sevoflurane and desflurane anesthesia, in comparison to propofol. There were no significant differences between the three potent inhalation anesthetics in relation to recovery characteristics of rocuronium.
Cisatracurium is the only neuromuscular blocker that is both free of histamine-releasing properties and that undergoes organ-independent Hofmann elimination 1 . Other studies [20] [21] demonstrated that hemodynamically stable patients receiving a rapidly administered bolus dose of 6-8 x ED 95 of cisatracurium did not have hemodynamic changes that would be expected with a histamine-releasing compound. However, with bolus administration of rocuronium, some studies documented an increase in heart rate (HR), pulmonary vascular resistance (PVR), stroke index (SI) and cardiac index (CI), with decreased pulmonary capillary wedge pressure (PCWP), whereas other studies found no hemodynamic changes 1 .
In our study, propofol and sevoflurane anesthesia induced non statistically significant hypotension and bradycardia in all Groups before administration of the muscle relaxants. There were no evidences of any significant clinical cardiovascular changes (Heart rate, MAP, SI, CI) when comparing post induction values to those after administration of cisatracurium or rocuronium, but there were statistically significant decline in MAP and CI at certain periods in comparison to preinduction values, attributed to the interaction between the relaxant used and maintenance agents. Heart rate in sevoflurane groups did not change significantly from baseline all through the study period, whereas some readings of heart rate in the propofol Groups were significantly lower than their baseline. SI in the propofol Groups remained comparable to baseline all through the study period whereas, SI decreased significantly relative to its baseline in the sevoflurane Groups at some points of study. However, these points of decline in all previous hemodynamic during sevoflurane anesthesia with careful titration of relaxants' doses to avoid inadvertent prolongation of recovery. The combination of sevoflurane and cisatracurium resulted in the longest duration of recovery between Groups and recommended for long procedures while the combination of rocuronium and TIVA with propofol resulted in the shortest duration of recovery in comparison to al Groups and recommended for short and day case procedures.
When cardiovascular stability is of importance, the use of rocuronium and cisatracurium are recommended, as well as sevoflurane (producing more stable heart rate than TIVA with propofol).
in a subparalysing dose, 50-100% of patients report discomfort. Also in our study, we reported two cases of postoperative nausea and vomiting in the sevoflurane Groups. In most meta-analyses, propofol was associated with a lower frequency of PONV when used for total intravenous anesthesia in the absence of N 2 O. In one meta-analysis, the rate of PONV was lower with the use of propofol when compared with sevoflurane 4 .
From the previous clinical study, the effects of rocuronium and cisatracurium are enhanced by sevoflurane, in comparison to TIVA with propofol anesthesia, and the recovery is slower. Particular attention should be paid to monitoring of neuromuscular block
